Organohalide respiration (OHR) is a crucial process in the global halogen cycle and of interest for bioremediation. However, investigations on OHR are hampered by the restricted genetic accessibility and the poor growth yields of many organohalide-respiring bacteria (OHRB). Therefore, genomics, transcriptomics and proteomics are often used to investigate OHRB. In general, these gene expression studies are more useful when the data of the different 'omics' approaches are integrated and compared among a wide range of cultivation conditions and ideally involve several closely related OHRB. Despite the availability of a couple of proteomic and transcriptomic datasets dealing with OHRB, such approaches are currently not covered in reviews. Therefore, we here present an integrative and comparative overview of omics studies performed with the OHRB Sulfurospirillum multivorans, Dehalococcoides mccartyi, Desulfitobacterium spp. and Dehalobacter restrictus. Genes, transcripts, proteins and the regulatory and biochemical processes involved in OHR are discussed, and a comprehensive view on the unusual metabolism of D. mccartyi, which is one of the few bacteria possibly using a quinone-independent respiratory chain, is provided. Several 'omics'-derived theories on OHRB, e.g. the organohalide-respiratory chain, hydrogen metabolism, corrinoid biosynthesis or one-carbon metabolism are critically discussed on the basis of this integrative approach.
INTRODUCTION
The global halogen cycle consists of various biotic and abiotic, natural and anthropogenic halogenation and dehalogenation reactions (Häggblom and Bossert 2003) . One of the most important natural dehalogenation processes in anoxic environments is organohalide respiration (OHR), in which the reductive dehalogenation of organohalides is coupled to the synthesis of ATP via a chemiosmotic mechanism. The key enzyme in OHR is the reductive dehalogenase (RDase if functionally characterized, otherwise reductive dehalogenase homolog subunit A, RdhA). RDases characterized to be functional in OHR consist of the active subunit RdhA facing the periplasm and a putative membrane anchor, RdhB. The RdhA subunit usually harbors a corrinoid cofactor in its active center and two tetranuclear [FeS] clusters for electron transfer (Bommer et al. 2014; Hug 2016) . The biochemical processes underlying reductive dehalogenation were reviewed recently (Schubert and Diekert 2016; Fincker and Spormann 2017) . OHR is carried out by bacterial genera belonging to the Chloroflexi (Dehalococcoides, Dehalogenimonas) , Firmicutes (Dehalobacter and Desulfitobacterium), Deltaproteobacteria (Geobacter, Anaeromyxobacter, Desulfomonile and others) and Epsilonproteobacteria (Sulfurospirillum) (Atashgahi, Lu and Smidt 2016) . The Chloroflexi and Dehalobacter are obligate organohalide-respiring organisms not able to utilize non-halogenated compounds as terminal electron acceptor (Löffler et al. 2013; Rupakula et al. 2013; Wang et al. 2014c; Key et al. 2017) . Desulfitobacterium and the dehalogenating members of the Proteobacteria are versatile organohalide-respiring bacteria (OHRB, Futagami and Furukawa 2016; Goris and Diekert 2016; Sanford, Showdhary and Löffler 2016) , also able to ferment organic acids or respiring nitrate, fumarate and, in the cases of Anaeromyxobacter dehalogenans (Sanford, Cole and Tiedje 2002) and Sulfurospirillum multivorans, also low amounts of oxygen (Goris et al. 2014; Gadkari et al. 2017) . Especially the obligate OHRB grow slowly and yield only low amounts of biomass, which makes them difficult to study biochemically. Also, the genetic manipulation of OHRB is currently highly restricted. Nonspecific genetic manipulation of Desulfitobacterium dehalogenans via random transposon insertion was reported (Smidt et al. 1999) , but led only to one phenotypically studied mutant with a deficiency in fumarate respiration (Smidt, van der Oost and de Vos 2001) . Cloning of the gene encoding a Strep-tagged variant of the S. multivorans tetrachloroethene (PCE) reductive dehalogenase (PceA), which was used in affinity tag purification, was feasible (Kunze et al. 2017) . However, the genetic manipulation of S. multivorans was highly inefficient and no further mutants could be generated up to now. Because of these difficulties to study OHR via classical biochemical approaches, many theories in OHR physiology are based on genomic studies, especially those dealing with Dehalococcoides mccartyi (Kube et al. 2005; Seshadri et al. 2005) . For example, the suggestion that D. mccartyi is unable to synthesize quinones was based on a genomic study (Seshadri et al. 2005) . This was later experimentally verified in physiological (Schipp et al. 2013) , biochemical and proteomic studies (Kublik et al. 2015; Hartwig et al. 2017) . Similarly, genomics helped to gain insight into the unusual central carbon metabolism of D. mccartyi (Islam, Edwards and Mahadevan 2010; Marco-Urrea et al. 2011 Zhuang et al. 2014) . A comparative genomic study between D. mccartyi strains 195 and CBDB1 concluded that rdhAB genes are located on mobile genomic elements (Kube et al. 2005) , which was later confirmed for other D. mccartyi strains (McMurdie et al. 2009 ) and was also postulated for the trichloroethene (TCE) reductive dehalogenase gene (tceA) in environmental populations (Krajmalnik-Brown et al. 2007) .
Further promising techniques to study OHRB are transcriptomics-until now comprising mainly microarray data sets-and proteomics, which investigate global gene expression and gene product abundances. While genomics often serves as a platform from which further studies are planned, proteomics and transcriptomics are complementary methods to get insights into the gene expression of cells in response to different environmental conditions. In this review, we summarize and compare the results of such studies on OHRB, revisiting especially the catabolism of the most studied OHRB S. multivorans, D. mccartyi and the Firmicutes members Desulfitobacterium spp. and Dehalobacter restrictus. Most omics reviews focused on genomics (Futagami, Goto and Furukawa 2008; Taş et al. 2010; Maphosa et al. 2012; Richardson 2013; Jugder et al. 2015) or rdhA transcription studies (Kruse et al. 2016) . In contrast to these, we integrate and combine the outcome of different OHRB genomics and gene expression studies and critically discuss current theories on the organohalide-respiratory chain, hydrogen and one-carbon metabolism and other physiological traits of OHRB. An emphasis was placed on the metabolism of D. mccartyi, not only because the most available omics studies focused on this species, but also because it has a very unusual and poorly understood catabolism and is the most promising candidate for bioremediation approaches.
OBLIGATE AND VERSATILE OHRB CAN BE DISTINGUISHED BY THEIR GENOME SIZE AND NUMBER OF rdhA GENES
During the last decade, genomes of all four major taxa containing OHRB, namely Firmicutes, Chloroflexi, Delta-and Epsilonproteobacteria, were sequenced, annotated and became publicly available (Table 1 ). The only genus without any sequenced OHRB is Desulfuromonas (Deltaproteobacteria), in which Desulfuromonas michiganensis and Des. chloroethenica (Krumholz 1997) were described as PCE-respiring (Sung et al. 2003) . All genomes of genera comprising obligate OHRB (D. mccartyi, Dehalogenimonas, Table 1 . An overview of the genera, of which at least one species is unambiguously described as OHRB. This table includes the number of genomes containing at least one rdhA gene including genomes assembled from metagenomes. a An additional Dehalogenimonas genome was published during the revision of this manuscript but is not yet available in the public databases and was therefore not included in this and the following table. Pöritz et al. (2013) ; Wang et al. (2014a Wang et al. ( , b, 2015 ; Low et al. (2015) ; Uchino et al. (2015) ; Yohda et al. (2015) ; Mayer-Blackwell et al. (2016) ; Molenda, Tang and Edwards (2016) ; O' Leary et al. (2016) ; Zhao, Ding and He (2016) ; Dam et al. (2017) ; Ding et al. (2017 Dehalobacter) contain a high number of rdhA genes (5-38, with D. mccartyi strains KBTCE1 and KBTCE2 harboring the unusually low number of 5 rdhA, Tables 1 and 2) , which indicates an extreme specialization in OHR. Facultative OHRB (Delta-and Epsilonproteobacteria, Desulfitobacterium) harbor fewer rdhA genes (1-7) and the corresponding genera also contain a lot of non-OHRB. For example, only one of the 35 sequenced Desulfovibrio genomes harbors an rdhA gene; the ratio in the genus Geobacter (one out of 19) is also low. In addition, a bias toward the enrichment and genome sequencing of OHRB, explained by the interest in OHRB for bioremediation, can be expected. Consequently, OHR performed by facultative OHRB can only be verified by metagenomic analysis or rdhA gene amplification and sequencing in environmental studies, not by 16S rRNA gene sequencing. Ideally, such studies are complemented by rdhA gene expression studies.
Genus Phylum

rdhA-containing genomes/total genomes
Since the number of available OHRB genomes expanded enormously during the last years, 63 genomes of OHRB are now accessible via the NCBI/Genbank database (May 2017). In general, the obligate OHRB tend to have smaller genomes (1.3-3.2 Mbp) than their versatile counterparts (2.9-6.5 Mbp), reflecting their restricted metabolic repertoire. Most of the OHRB genomes were sequenced during the last five years (Table S1 , Supporting Information), especially in the case of D. mccartyi often relying on assemblies from metagenomes. The existence of plasmids in OHRB is in general rare and, if present, they usually do not contain rdhA genes. Recently, however, a plasmid carrying an rdhA gene was found in D. mccartyi strain 11a5 and the possibility of plasmid-or transposon-like structures as rdhA shuttles in this strain was discussed (Zhao, Ding and He 2016) .
GLOBAL GENE EXPRESSION STUDIES ON OHRB
Transcriptomics of OHRB-a brief overview
Global gene expression, i.e. the transcription or translation of all genes into their corresponding gene products under a given condition, is studied in transcriptome (the sum of the transcripts) and proteome (the sum of the proteins) analyses. Studies using quantitative real-time PCR (qPCR) for transcript analyses are also often designated transcriptomic studies, but since they are not investigating global gene expression, they will not be considered in this review with a few exceptions. While genomes of OHRB from all phyla are available, only global transcriptome studies conducted with D. mccartyi and De. hafniense, most of them relying on microarray data, have been published so far (Table 3) . The much larger quantity of microarray data is due to their lower costs and the reusability of microarray chips for several experiments. However, RNA-Seq has several advantages over microarrays. With RNA-Seq, resolving transcriptional details like small RNAs, antisense RNAs and transcripts, transcriptional start sites and untranslated transcript regions is possible (Sharma and Vogel 2014; Creecy and Conway 2015; Thomason et al. 2015) . Additionally, its higher sensitivity and dynamic range allow a more reliable detection and quantification of low but also very high abundant transcripts (Güell et al. 2011) . Since sequencing costs will decrease in the near future, RNA-Seq will be used more frequently soon, helping to resolve the transcriptome of OHRB in more detail. This will especially aid studies on the regulation of OHR, which may involve non-translated elements like riboswitches or small RNAs.
Technical and methodological advances to obtain a more detailed picture of the proteome In the provided data all samples were pooled.
( Morris et al. 2006 Morris et al. , 2007 . Through technical achievements and efficient sample preparation high proteome coverage of 72% was achieved, although low abundant and membrane-integral proteins are still difficult to identify (Schiffmann et al. 2014b . These advances enabled a refined validation of transcriptome results regarding the link between overall physiology and reductive dehalogenases (Pöritz et al. 2015) . However, for the calculation of specific activities, absolute quantifications are crucial requirements. This was accomplished (Werner et al. 2009 ) and afterwards applied to determine the potential of enzymatically driven dehalogenation in environmental samples. Schiffmann et al. (2014a) compared the efficiency of two different types of MS and absolutely quantified a set of RdhAs. Other studies delved deeper into the biochemistry of reductive dehalogenation by identifying interaction partners (Kublik et al. 2015; Hartwig et al. 2017) , analyzing cofactors (Schipp et al. 2013) or metabolic pathways by the help of specific metabolic labeling (Marco-Urrea et al. 2012) .
In studies comparing transcriptomic and proteomic data Men et al. 2012) , it has been observed that the extents of fold changes often do not correspond with each other. In general, the proteome reflects the cells' biochemical machinery much more accurately than the transcriptome, but can fail in detecting membrane, very small or low-abundant proteins or proteins with extreme physicochemical properties (Rowe et al. 2012; Depke et al. 2015) . Examples are the small, membraneintegral RdhB proteins of D. mccartyi, which were only detected in one proteome study so far (Kublik et al. 2015) . In contrast, the transcriptome gives a more complete picture of the expressed genes, since also the transcript differences corresponding to proteins which are difficult to detect can be displayed. Due to the methodological shortcomings of microarrays it would be of interest whether the observed discrepancy between transcriptomic and proteomic data is also detected in comparisons of proteomics and RNA-Seq data. Still, the observations might hint at a more complex regulation of gene expression, which can operate in bacteria via RNA degradation, different translation initiation rates, codon usage and amino acid composition (de Sousa Abreu et al. 2009; Van Assche et al. 2015) . In the genome of D. mccartyi several riboswitches were identified (Johnson et al. 2009; Men et al. 2012; Mansfeldt et al. 2016) , as was also shown in De. hafniense (Choudhary et al. 2013) and Deh. restrictus (Rupakula et al. 2014) . Since riboswitches often function in posttranscriptional regulation, this finding also points to a regulation on the translational level in these organisms. In Rowe et al. (2015) , poor correlation of mRNA-and protein abundance for four tested genes of D. mccartyi was explained by varying ribosome content and cell decay. This study also stressed the importance of using the real number of disrupted cells as a reference for protein abundances to obtain valid proteomic data. This could be achieved by cell counting, 16S rRNA gene quantification or possibly by referring to stably produced proteins. To understand the whole picture of regulation and induction processes in the cell, the combination of both transcriptomic and proteomic data is crucial.
OHR IN A VERSATILE OHRB-SULFUROSPIRILLUM MULTIVORANS
Sulfurospirillum multivorans is one of the most intensively studied OHRB. Several biochemical studies, the purification of the PCE reductive dehalogenase (PceA) and protein localization studies gave an elaborated picture of the biochemistry of reductive Goris et al. (2015b). dehalogenation in this organism (Neumann, Scholz-Muramatsu and Diekert 1994; Scholz-Muramatsu et al. 1995; Miller, Wohlfarth and Diekert 1996; Diekert 1996, 1998; Neumann et al. 2002; Siebert et al. 2002; John et al. 2006 John et al. , 2009 , culminating in the crystal structures of several different PceA-substrate complexes (Bommer et al. 2014; Kunze et al. 2017) . Nonetheless, many of the molecular details of OHR are unresolved, for example, the components, biochemistry and topology of the organohalide respiratory chain, as well as the biosynthesis of the unusual cofactor of PceA, norpseudovitamin B 12 (Kräutler et al. 2003) , and the peculiar long-term downregulation of PCE respiration in the absence of its electron acceptor (John et al. 2009 ).
The rdh and corrinoid biosynthesis gene region form a large PCE-induced gene cluster
A relatively large region (∼50 kbp) at the opposite side of the origin of replication in the genome of S. multivorans was found to be absent in non-OHRB Sulfurospirillum spp. (Fig. S1 , Supporting Information). This region contains, among several genes encoding unknown proteins, the genes encoding PceA, its putative membrane anchor PceB, a second RdhAB, regulatory proteins and about 20 proteins of the corrinoid biosynthesis machinery and was therefore termed OHR region. This region was found to be nearly identical to those in the two other, later sequenced PCErespiring epsilonproteobacterial genomes, S. halorespirans ) and "Candidatus Sulfurospirillum diekertiae" (Buttet et al., unpublished data) . The OHR region differs from those of De. hafniense (Nonaka et al. 2006; Kim et al. 2012; Goris et al. 2014) , D. mccartyi (Seshadri et al. 2005) or A. dehalogenans (Thomas et al. 2008) . First, the complete cluster for de novo corrinoid synthesis is located only a few kbp downstream of pceA. Second, a number of genes coding for putative OHR accessory proteins without known orthologs in other OHRB were found. Since no knockout mutagenesis is currently possible with Sulfurospirillum spp., a long-term downregulation of the OHR region was used to accomplish a silencing of the respective genes in a proteome study: after cultivating S. multivorans for about 100 generations in the absence of chlorinated ethenes as electron acceptor, the genes in the OHR regions were no longer expressed (John et al. 2009; Goris et al. 2015b ). In the proteome study, we separated the cells into a soluble and a membrane fraction to get insights into the subcellular localization of the proteins (Goris et al. 2015b) . Furthermore, a proteomic study with S. multivorans in the presence of oxygen was conducted (Gadkari et al. 2017 ).
The role of a quinol dehydrogenase complex in tetrachlorethene respiration of Sulfurospirillum multivorans
A high upregulation of pceAB was found in S. multivorans when grown with PCE instead of nitrate (or fumarate, not shown) as electron acceptor, while the second rdhAB genes were not transcribed (Goris et al. 2014) . Of the two two-component regulatory systems (TCS), the response regulator of the second TCS cluster (SMUL˙1539) was found, independent of the electron acceptor supplied to the culture. This suggests a regulation of PCE respiration by the gene products encoded by SMUL 1538 and 1539 and not, as initially predicted, by the TCS adjacent to pceAB, encoded by SMUL 1534 and 1535, which was not found under any growth condition. Downstream of the second TCS genes, a NapGH/NosGH-like putative quinol dehydrogenase (Qdh) consisting of one periplasmic and one membrane-bound subunit is encoded by SMUL 1541-1542 and expressed during PCE respiration (Goris et al. 2014 (Goris et al. , 2015b . Other NapGH/NosGH-like proteins are encoded in one OHR gene cluster of Desulfitobacterium spp. (Kruse et al. 2017a) and Desulfomonile tiedjei. This suggests a more universal role of this protein complex in OHR than thought before. NapGH was reported to be essential for nitrate respiration, and NosGH was suggested to play a role in nitrous oxide respiration in Wolinella succinogenes (Kern and Simon 2008) . However, their role as Qdh in W. succinogenes has been challenged recently and instead NosGH is assumed to form a protein complex with the cytochrome bc 1 complex that mediates quinol oxidation (Hein, Witt and Simon 2017) . A similar complex might be formed by SMUL 1541, 1542 and cytochrome bc 1 for OHR in S. multivorans, possibly including a small membrane protein encoded by SMUL 1540, not detected in proteomic studies likely due to its membrane-integral location. Electrons derived from enzymatic pyruvate (Goris et al. 2015b) , formate (Schmitz and Diekert 2003) or hydrogen oxidation (Kruse et al. 2017a ) are most likely channeled via the menaquinone pool and the Qdh complex to PceA, which reductively dehalogenates the halogenated compound. Two further unknown proteins encoded close to pceA were detected only with PCE (Fig. 1) . The product of SMUL 1533 has similarities to maturation proteins of the Iscu/NifU family involved in the biosynthesis of [FeS] clusters. It might help in the maturation of the [FeS] clusters of PceA. SMUL 1530 encodes a protein with similarities to alkylhydroperoxidases, often found to be involved in stress response to reactive oxygen species, making a role under stress-inducing conditions feasible.
The norpseudovitamin B 12 biosynthesis cluster
Downstream of the TCS genes and the putative Qdh genes, the large gene cluster encoding the proteins involved in the biosynthesis of the unusual norpseudovitamin B 12 (Kräutler et al. 2003) is localized (Fig. S1 , Supporting Information). This cobamide differs from vitamin B 12 in that its lower ligand is adenine instead of dimethylbenzimidazol (DMB) and that the linker connecting the lower ligand to the corrin ring lacks a methyl group (Kräutler et al. 2003) . A distant relative of the threonine phosphate decarboxylase (CobD, encoded by SMUL 1544) was first hypothesized to play a role in norcobamide synthesis in a genomic analysis (Goris et al. 2014) . Later, this enzyme was experimentally verified to catalyze the specific step of norpseudovitamin B 12 synthesis, the formation of ethanolamine-phosphate from serine phosphate (Keller et al. 2014 (Keller et al. , 2016 . Since norpseudovitamin B 12 biosynthesis by S. multivorans was reviewed recently (Schubert 2017 ), we will focus only briefly on the unresolved aspects of the biosynthetic gene cluster and its surrounding genes. The proteomic studies suggest that the whole cluster is induced by PCE (Goris et al. 2015b) . Three genes in the corrinoid biosynthesis cluster and four further genes downstream of this cluster could not be assigned a function up to now (colored gray in Fig.  S1 , Supporting Information), although some of their corresponding products were detected. The four latter genes (SMUL 1569-1575) encode putative redox-active proteins, as deduced from their cofactor-binding motifs (flavin and/or [FeS] clusters). Two small cysteine-rich proteins (SMUL 1548 and SMUL 1567) within the corrinoid biosynthesis cluster may also aid in unknown redox processes; the presence of several cysteines points toward either the formation of disulfide bridges or binding of metals, e.g. cobalt or iron. The role of a putative lipid A export protein (MsbA, SMUL 1565) is not understood, as it is most probably not involved in cobalt or corrinoid transport. The import of corrinoids is ascribed to the BtuCDF corrinoid transporter (encoded by SMUL 1552-1554, Fig. S1 , Supporting Information) and the import of cobalt is assigned to the ECF (energy-coupling factor) cobalt transporter (encoded by SMUL 1631-1635, three of five subunits detected the proteome). In contrast to D. mccartyi and Firmicutes OHRB, riboswitches were not detected in the OHR cluster. While the crucial step in norpseudovitamin B 12 biosynthesis has been unraveled with the help of genomics and proteomics, it needs to be confirmed whether the listed additional, uncharacterized gene products indeed play a role (and if so, which one) in cobalamin physiology. This could be possibly achieved in further omics studies, ideally with closely related Sulfurospirillum spp. encoding these proteins, e.g. S. halorespirans , or via biochemical and physiological studies currently conducted in some of the authors' laboratories.
In summary, the combined approach to unravel OHR in S. multivorans through genomics, transcript analysis and proteomics revealed that the large OHR region is transcribed nearly completely upon PCE respiration. However, biochemical and knockout studies would be highly useful to explore additional details of the function of the many unknown accessory proteins in S. multivorans.
OHR IN AN OBLIGATE OHRB-DEHALOCOCCOIDES MCCARTYI
In contrast to most other OHRB, the different strains of D. mccartyi (phylum Chloroflexi) dehalogenate a broad variety of halogenated compounds. These include halogenated benzenes, phenols, biphenyls and dibenzo-p-dioxins; additionally, some D. mccartyi strains are able to completely dechlorinate PCE to harmless ethene (Löffler et al. 2013) . These abilities make D. mccartyi an important organism for bioremediation (Löffler and Edwards 2006) , which is the reason why most omics data were acquired from D. mccartyi strains and this review puts a special focus on this species. The first two published D. mccartyi genomes were those of strain 195 (formerly D. ethenogenes) (Seshadri et al. 2005) and strain CBDB1 (Kube et al. 2005) , both the two best characterized D. mccartyi strains so far. Today, 33 D. mccartyi genome sequences are available (Table S1 , Supporting Information). Many are complete, which is mainly due to their exceptionally small sizes (around 1.5 Mbp) and low amounts of repeat elements. All genomes sequenced belong to one of the three subtypes of D. mccartyi based on 16S rRNA phylogenetic classification, namely Pinellas, Cornell and Victoria, with the first including by far most of the sequenced genomes (21 out of 33). Characteristic for D. mccartyi is the presence of a highly conserved core genome (approximately three-fourths of the whole genome) and of genetically variable, relatively large high plasticity regions (HPRs) on both sides of the origin of replication, containing most of the rdhA genes (Kube et al. 2005; McMurdie et al. 2009 ). The average amino acid similarity between orthologs of strains 195 and CBDB1, belonging to the Cornell and Pinellas subtypes, respectively, is >95% (Kube et al. 2005) . Locus tags of strain CBDB1 or, if not available, orthologs from other strains will be used as a reference throughout this chapter. The corresponding orthologs can be found in Table S2 (Supporting Information) and we adhere to the ortholog definition as defined by Kube et al. (2005) .
There is a plethora of transcriptomic data available for D. mccartyi, most of them from strain 195. In the corresponding studies, the authors compare transcript levels of cultures in different growth states or with different organohalides as electron acceptors or of cells grown with distinct corrinoid supplies. Also, the transcriptome of D. mccartyi in microbial communities was investigated (Table 3) . Proteomic studies with D. mccartyi (Table 4) were performed before the first microarray experiments, but the earliest detected only the most abundant D. mccartyi proteins Adrian et al. 2007) . Later studies making use of prefractionation of proteins (Werner et al. 2009 ) and improved MS performance (Schiffmann et al. 2014b) resulted in a much higher proteome coverage. Besides strains 195 and CBDB1, the proteome of D. mccartyi DCMB5 was investigated after growing with pentachlorobenzene, trichlorobenzene and PCE (Pöritz et al. 2015) . Approximately 900 of the 1500 proteins (about 60% of the predicted proteome) were detected in the currently available shotgun proteomic measurements of D. mccartyi strain CBDB1 (Schiffmann et al. 2014b) , DCMB5 (Pöritz et al. 2015) and 195 (Werner et al. 2009; Lee et al. 2012; Men et al. 2012) . These values are even higher than the proteome coverage of 55% in Escherichia coli under 22 experimental conditions (Schmidt et al. 2016) , which can also be explained by the very small genome of D. mccartyi (1500 vs 4300 protein coding genes). In this chapter, we try to extract additional value from the direct connection of genomic, transcriptomic and proteomic data from the three different D. mccartyi, strains CBDB1, DCMB5 and 195 (Table S2 , Supporting Information).
Reductive dehalogenases and accessory genes
Reductive dehalogenase genes as part of genomic regions with high evolutionary plasticity The currently sequenced D. mccartyi genomes harbor 5 to 38 rdhA genes encoding putative reductive dehalogenases that are usually colocated in the genome with rdhB, encoding their putative membrane anchors. In contrast to the core genome of D. mccartyi, which contains genes highly conserved among all strains, the rdhA gene content is diverse between different strains and reflects their specific dehalogenation activity toward diverse classes of organohalides (Löffler et al. 2013) . The vast majority of rdhA genes are located in the HPRs, while outside of the HPRs only one or two RdhAs are encoded (e.g. in strains CBDB1, DCMB5 and 195, the orthologs cbdbA1092/dcmb 1041/DET1171; in 195, additionally DET0876) (Kube et al. 2005; McMurdie et al. 2009 ). Besides encoding RdhAB and some redox proteins such as hydrogenases, these up to 200 kb large HPRs contain many hypothetical genes, several genomic islands, insertion sequences, repeat elements and other structures pointing toward genome rearrangements and a high genomic flexibility. Still, many of the rdhA genes located in the HPRs are found in the same genomic context among several of the different strains (McMurdie et al. 2009 ). For a long time these findings had been interpreted as a result of horizontal or vertical gene transfer, and metagenome phylogenetic analysis indicates a recent acquisition of vinyl chloride reductive dehalogenase genes (vcrABC) approximately at the same time as the industrial revolution led to a rise of chlorinated ethenes in the environment (McMurdie et al. 2011 ). An alternative explanation is the loss of rdhA genes from the HPR, which was observed for polybrominated biphenyl ether reductive dehalogenase genes (pbrA1, pbrA2) from D. mccartyi GY50 (Ding et al. 2017 ) and the vinyl chloride reductive dehalogenase (bvcA) in D. mccartyi UCH-ATV1 (Yohda et al. 2017) . This would also be in accordance with the overall incomplete metabolic pathways found in D. mccartyi, where several genes seem to be absent, probably as a result of a streamlining process of the genome. Of the 169 analyzed D. mccartyi rdhA genes (Hug et al. 2013) , only one ortholog group is present in all strains (CBDB1, 195, VS, BAV1, GT and the KB-1-consortium) forming a separate phylogenetic clade. The protein, encoded by cbdbA187/dcmb 184/DET0180, was only identified in strain DCMB5 so far, even though the corresponding rdhA transcript was detected at about average levels in 16 out of 30 conditions in strain 195 (Table S2 , Supporting Information). About 70% of rdhA genes are orthologs in at least two strains.
Only few rdhA genes are transcribed and translated into RDase proteins The exposure to chlorinated substrates often induces the production of more than one RdhA protein (Waller et al. 2005; . However, the number of RdhA proteins does not correlate with the number of chlorine substituents of the substrate, and thus also not to the corresponding number of possible dechlorination intermediates, which might be dechlorinated by different RdhAs (Fig. S2 , Supporting Information; Table 4 , No. of RdhA detected in total). Nonetheless, all three strains for which proteomic data are available produced only one or two highly abundant RdhAs, regardless of electron acceptors in the medium (Table S2 , Supporting Information), cbdbA80, followed by the chlorobenzene RDase CbrA (cbdbA84), dcmb 86 (among top 1%) and TceA (DET0079), respectively. In most measurements, the tceA transcript was also the highest of all rdhAs (Table S2 , Supporting Information) and also three new D. mccartyi isolates each showed only one highly abundant rdhA transcript independent of the electron acceptor (Wang et al. 2014a) . All remaining RdhAs/rdhA transcripts had a much lower abundance (Table 4 ). The numbers of RhdA proteins detected increased over time because MS instrument performance improved dramatically over the last years (Table 4) . Still, it seems more rdhA genes are transcribed than finally translated into RdhAs in D. mccartyi, as indicated by up to nine rdhA transcripts versus four RdhA proteins in strain 195 (Table S2 , Supporting Information), analogous to what was observed in strain CBDB1 (Wagner et al. 2009 (Wagner et al. , 2013 . It was proposed that this broad transcription might enable a quick adaptation strategy to changing environments or that some transcripts are not translated into a functional protein, probably due to translational regulation, mutations or genomic rearrangements, e.g. DET0162 (Kruse et al. 2016) or DET306 (Table S2 , Supporting Information). But even if proteins are produced, possibly to low abundances, it remains to be proven experimentally whether all RdhAs actually serve OHR or even have different physiological roles.
The challenge of RDase substrate specificity prediction from the corresponding amino acid sequence Only few D. mccartyi RDases are biochemically characterized with regard to their substrate specificity and range. VcrA, the only RDase from D. mccartyi heterologously expressed and purified in its active form, was shown to dechlorinate 1,2-dichloroethane to ethene besides its known dechlorination activity toward VC (Parthasarathy et al. 2015) . Native PAGE of crude extracts gained from D. mccartyi CBDB1 cells grown with 1,2,3-TCB allowed an activity assay of the gel band containing CbrA (cbdbA84), showing dechlorination of 1,2,3-tri-and 1,2,3,4-tetrachlorobenzene ). However, after cultivation of CBDB1 with hexachlorobenzene, a second RdhA encoded by cbdbA80 comigrates in native PAGE with the similarly abundant CbrA (Table S2 , Supporting Information) (Kublik et al. 2015) , making the characterization of the substrate spectrum of the cbdbA80 product difficult. MbrA from strain MB, showing 98% amino acid sequence identity to the cbdbA80 protein sequence, was described to catalyze the dechlorination of PCE to transdichloroethene (Chow et al. 2010) . The cbdbA80 ortholog in strain DCMB5, dcmb 81 (99% identity), was not expressed during cultivation on chlorinated benzenes or other organohalides, whereas the CbrA ortholog dcmb 86 (99% identity) was the most abundant RdhA in strain DCMB5, regardless of the electron acceptor (Table S2 , Supporting Information). The putative bifunctional PCE/2,3-DCP dehalogenase PceA of strain 195 (DET0318, Morris et al. 2006; Fung et al. 2007 ) is one of the few examples of RDases whose substrate range might be similar to its ortholog in another strain. Its ortholog cbdbA1588 (94% identity) was the RdhA with the highest protein coverage when strain CBDB1 was grown on 2,3-DCP . Taken together, the amino acid sequence can only be linked to substrate specificities of D. mccartyi RDases in few cases, but most of the studies are only based on substrate-dependent rdhA gene expression. From this, no definite RdhA substrate spectrum can be unambiguously concluded because rdhA regulation could be defective. Also, several rdhA genes seem to be upregulated not substrate specifically, but upon stress or suboptimal growth conditions. This was observed for DET1545 (and its KB1 ortholog), DET1535 and DET0173, often accompanied by the upregulation of virus-related genes and prophage activation (Johnson et al. 2008; Lee et al. 2012; Waller et al. 2012; Mansfeldt et al. 2014) . For testing substrate range and specificity of RDases, systematic and comparative biochemical studies with orthologous RdhAs are necessary.
Putative accessory proteins of reductive dehalogenases are only slightly abundant
The rdh gene clusters consist of a minimal 'core', rdhAB, often adjacent to regulator-encoding genes. Regulators comprise either a MarR repressor (encoded by rdhR) or a two-component system with a histidine kinase (encoded by rdhS, formerly rdhC) and a response regulator (rdhP, formerly rdhD). Several D. mccartyi rdh gene clusters contain additional genes whose products may have accessory function in protein assembly and maturation. These putative accessory proteins are RdhC, RdhF (CbiZ, discussed in the corrinoid paragraph), RdhG, RdhH, RdhI and RdhJ (formerly RdhI) (Kube et al. 2005) . Their function is still unknown, although an overview on their functional domains and predicted roles was given recently (Kruse et al. 2016) . In most proteomic studies, the regulators RdhS and RdhR could be detected irrespective of expression of the corresponding rdhA gene (Table S2 , Supporting Information). Apart from the regulators, only few other putative Rdh accessory proteins were identified in any of the proteomic studies and no correlation to occurrence of the adjacently encoded RdhA was observed. In contrast, ∼40% of the rdh accessory gene transcripts were found at high levels (in the first quartile) in at least one third of all conditions (Table  S2 , Supporting Information). Currently, it looks like the Rdh accessory proteins do not have a central role in OHR, but possibly their protein products are of very low abundance or they are involved in maturation under specific environmental conditions.
Hydrogen metabolism
Dehalococcoides mccartyi relies on H 2 as electron donor, but the role for most of the four hydrogenases encoded in D. mccartyi genomes is still largely unknown. Initially, five hydrogenase gene clusters were identified in D. mccartyi (Seshadri et al. 2005 (Marreiros et al. 2013) , for which no function is described until now. Since its transcript and protein abundances are low (Table S2 , Supporting Information), substantial contribution to catabolism remains questionable.
A supercomplex of periplasmic Hup, RDase and a molybdoenzyme mediates hydrogen oxidation-dependent reductive dehalogenation
The four hydrogenases are found in relatively high amounts in all strains (Table S2 , Supporting Information; Fig. 2 ), emphasizing the importance of hydrogen in the metabolism of D. mccartyi. The only periplasmic hydrogenase, HupSL, is most probably responsible for the oxidation of H 2 and subsequent electron shuttling into the respiratory chain (Seshadri et al. 2005; Kublik et al. 2015; Hartwig et al. 2017) . This assumption is supported by its high transcript and protein level, which is the highest of all D. mccartyi hydrogenases (Table S2 , Supporting Information, cluster 9) (Rahm and Richardson 2008) . HupSL can be phylogenetically classified into the 1a hydrogenase group (Søndergaard, Pedersen and Greening 2016) , comprising archetypical H 2 -oxidizing enzymes. The hupSL operon encodes for a third [FeS] cluster motif-containing hydrogenase subunit designated HupX (Fig. S3A, Supporting Information) . Unusual for periplasmic hydrogen uptake hydrogenases, the operon does not encode any cytochrome. Instead, a membrane-integral subunit similar to the membrane-integral subunit HybB of a bidirectional E. coli hydrogenase 2 (Pinske et al. 2015 ) is encoded in a cluster encoding a formate dehydrogenase (Fdh)-like iron-sulfur molybdoenzyme (CISM) (Fig. S3B, Supporting Information) . Most likely, the CISM is not an Fdh, since D. mccartyi is not able to use formate as electron donor (Löffler et al. 2013 ) and a conserved cysteine or selenocysteine in its active site is exchanged into a serine, which rendered the E. coli Fdh inactive (Zinoni et al. 1987 ). Several studies (Table S2 , Supporting Information). Colored boxes indicate protein abundance rank (green, among top 1%; yellow, among top 50% abundant proteins; red, among 100% abundant proteins). Abundance values from shotgun analyses using different quantification strategies were brought to the same scale, summed and ranked (see Table S2 , Supporting Information). Gray numbers below the boxes indicate lines of Table S2 (Supporting Information), where the enzyme catalyzing this reaction is listed and detailed information can be found. CismA refers to cbdbA195/dcmb 191/DET0187, CismB to cbdbA193/dcmb 190/DET0186. 'i', identified, but not quantifiable proteins; 't', only transcript was detected (transcript data only available for strain 195); empty boxes, neither protein nor mRNA was detected. Modified from Hartwig et al. (2017) . investigated a membrane-bound CISM-containing supercomplex of D. mccartyi of 200-400 kDa by using native gel electrophoresis and subsequent MS analyses of the bands showing methyl viologen (Kublik et al. 2015) and H 2 -dependent reductive dehalogenation activity (Hartwig et al. 2017 ). Despite differences in subunit composition, there seems to be congruence in that the CISM and an RDase, together with HupSL loosely associated (Fig. 2) , form the core complex of H 2 -dependent reductive dehalogenation in D. mccartyi, with the CISM membrane subunit possibly acting as a proton pump (Kublik et al. 2015; Zinder 2016; Hartwig et al. 2017) . Also, cluster analysis of transcriptomic (Mansfeldt et al. 2014; Mansfeldt et al. 2016) and proteomic data (this review) grouped the highly abundant HupSL and CISM together. The proteomic cluster analysis conducted in this review is based on the orthologs listed in Table S2 (Supporting Information). The graphical output is found in Fig. S4 (Supporting Information) with the assignments to proteins in the first column of Table S2 (Supporting Information).
The cytoplasmic hydrogenases might interact with complex I and/or function in proton reduction
The physiological role of the other hydrogenases is much less clear. VhcAG (cbdbA596-598, also MvhAG, or mistakenly VhuAG which should be assigned to selenocysteine-containing hydrogenases found in other organisms exclusively) is a soluble hydrogenase with similarities to bidirectional, bifurcating hydrogenases of methanogens and sulfate-reducing bacteria. However, an ortholog of the subunit required for bifurcation is not encoded in D. mccartyi. HymABCD is a putative membranebound [FeFe] hydrogenase (cbdbA169-173) . Surprisingly, the [FeFe] cluster maturation proteins HydEFG (Peters et al. 2015) are missing in all D. mccartyi genomes; therefore, the biosynthesis of the catalytic subunit HymC should be subject of further studies. The Vhc and Hym subunits are highly abundant proteins in all three strains and under all conditions ( Fig. 2 ; Table S2 , Supporting Information, clusters 5 and 9). The HymABC subunits also contain [FeS] clusters and an NAD(P) + /NAD(P)H binding motif, similar to the NuoEFG subunits of complex I. Since D. mccartyi encodes the 11 subunit version of complex I (lacking NuoEFG) instead of the typical 14 subunits, HymABCD might interact with the residual complex I components. Despite about average transcript levels, the complex I protein subunits are found, if at all, only in low amounts ( Fig. 2 ; Table S2 , Supporting Information). This is in contrast to complex I subunits of E. coli (Schmidt et al. 2016) or S. multivorans (Goris et al. 2015b) , where the soluble Nuo subunits are in the upper quartile under respiratory conditions. The physiological role of complex I in D. mccartyi is unclear, as this respiratory complex normally delivers electrons to the quinone pool, which is most likely not present in D. mccartyi (Kublik et al. 2015) . The fourth hydrogenase can be classified as a group 4, energy conserving hydrogenase (Ech). In methanogens, Ech transfers electrons from ferredoxin to H + , generating a proton gradient (Welte, Kratzer and Deppenmeier 2010) . A similar role in D. mccartyi is unlikely, as under normal conditions no reducing equivalents are generated in the cytoplasm, since hydrogen is supposed to be oxidized mainly in the periplasm and the few cytoplasmically generated electrons are most likely used in the anabolism of D. mccartyi. However, under electron acceptorlimiting conditions, D. mccartyi Ech could be used as a valve to reduce protons with excess electrons. The Ech complex is among the most abundant proteins under the conditions applied in the reviewed studies ( Fig. 2 ; Table S2 , Supporting Information, cluster 8), pointing towards an important function also under respiratory conditions.
Further electron-transferring proteins and complexes detected in the proteomes
Besides the [FeFe] hydrogenase subunits HymABCD, two further NuoEFG-like complexes with binding sites for the pyridine nucleotides NAD(P) + /NAD(P)H are encoded in D. mccartyi. The genes of one of them are colocated with echABCDEF (Schipp et al. 2013 ) and the other with the pyruvate:ferredoxin oxidoreductase (PFOR) genes. Their abundances in proteomics studies are comparable to the above mentioned [FeFe] hydrogenase HymABCD (Table S2 , Supporting Information, clusters 5 and 8). Probably, they are mediating electron transfer between PFOR or Ech and complex I. An alternative function might be the oxidation or reduction of NAD(P) + /NAD(P)H for catabolic or anabolic functions.
One of the main purposes for the cytoplasmic hydrogenases might be to supply low potential reducing equivalents for anabolic pathways. The most likely candidate is the Vhc hydrogenase (see above), since it is soluble and the small subunit VhcG contains binding motifs for three putative low potential [4Fe4S] clusters, which would be ideal for delivering low potential electrons. Electron-transferring proteins in D. mccartyi could be the rather highly abundant 2[4Fe4S] cluster ferredoxin (encoded by cbdbA198/dcmb 194/DET0191, upper 50%) or a flavodoxin (cbdbA1472/dcmb 1355/DET1501, lowest 20% of all proteins; Table  S2 , Supporting Information). The latter is not a likely candidate, given its low abundance and its absence in the genome of D. mccartyi strain VS. Besides ferredoxin, the electron acceptor could also be a compound not yet known.
The finding that almost all ATP synthase subunits were constantly detected, with three of the eight subunits being among the 20% most abundant proteins (cluster 9, Table S2, Supporting Information; Fig. 2 ), supports the concept that energy equivalents in D. mccartyi are mainly synthesized as ATP via an electrochemical proton gradient across the membrane. Their transcript levels correlated with respiration rates and their transcripts clustered together with those of Hup, Hym, CISM and Nuo subunits (Mansfeldt et al. 2014) .
Central carbon metabolism
Compared to other organisms with larger genomes, the number of reactions in the central carbon metabolism of D. mccartyi seems to be low. Central carbon metabolism of D. mccartyi encompasses an incomplete TCA cycle, a unidirectional gluconeogenesis (Islam, Edwards and Mahadevan 2010) and pathways utilizing acetate and CO 2 as carbon sources (Fig. 3) . There are several putative enzymes for the activation of acetate to acetyl-CoA as a building block in anabolism (Marco-Urrea et al. 2011) . Several putative ac(et)yl-CoA synthetase-like proteins are annotated in strains CBDB1/DCMB5 (six) and 195 (five, Table S2 , Supporting Information). Most of these might be involved in the activation of phenyl acetate or fatty acids (Islam, Edwards and Mahadevan 2010). The major candidate acting as acetyl-CoA synthetase was therefore proposed to be cbdbA1126/dcmb 1072/DET1209 (Tang et al. 2009) , which is among the most abundant 20% of all proteins (Fig. 3, reaction #412 ).
Dehalococcoides mccartyi strains encode horseshoe-type TCA cycle reactions involved exclusively in anabolism
The TCA cycle in D. mccartyi is most likely incomplete and serves anabolic purposes (Fig. 3, #394-413 ). The enzymes 2-oxoglutarate dehydrogenase, 2-oxoglutarate:ferredoxin oxidoreductase, succinate dehydrogenase and succinyl-CoA synthetase are not encoded in any of the D. mccartyi genomes. This type of an incomplete, 'horseshoe'-type TCA cycle is common among anaerobes. The oxidative half-cycle produces 2-oxoglutarate (#413, 400/401, 402) as precursor of several amino acids. The reductive part produces succinate used for synthesis of fatty acids. However, the reductive part of the TCA cycle in D. mccartyi was described to lack a fumarate reductase and the reaction leading to succinate is unknown (Fig. 3, #403 , 405/406, Seshadri et al. 2005) . Isotope labeling and heterologous expression proved that the citrate synthase in D. mccartyi is Restereospecific in contrast to most other bacteria (#413) (Tang et al. 2009; Marco-Urrea et al. 2011) . Compared to the enzymes related to the one-carbon metabolism, proteins of the TCA cycle showed a slightly higher abundance (on average among top 37% vs top 47%); 10 out of 19 enzymes were among the 50% most abundant proteins (Table S2 , Supporting Information).
D. mccartyi has complete pathways for the biosynthesis of all amino acids (Seshadri et al. 2005; Tang et al. 2009; Marco-Urrea et al. 2012; Zhuang et al. 2014) . Since amino acid amendment to the medium seems to aid growth and reductive dehalogenation in D. mccartyi, it was supposed that some amino acids are imported (Zhuang et al. 2011) . The isotope dilution pattern of amino acids gained from D. mccartyi 195 cells cultivated in the presence of 13 C-acetate together with unlabeled amino acids suggested the uptake especially of energetically costly amino acids like phenylalanine, possibly via one or two uncharacterized amino acid ABC transporters (Zhuang et al. 2011) (Table S2 , Supporting Information). However, a later MS/MS-based stable-isotope study with strain CBDB1 led to the conclusion that amino acids are synthesized exclusively de novo (Marco-Urrea et al. 2012) . Pyruvate as an important building block in the central carbon metabolism is synthesized in D. mccartyi via the reductive carboxylation of acetyl-CoA (Fig. 3, #394 -395/408-410) . This reaction is catalyzed by the PFOR, one of the highest abundant proteins in all strains (Table S2 , Supporting Information, Colored boxes indicate protein abundance rank (green, among top 1%; yellow, among top 50% abundant proteins; red, among 100% abundant proteins). Abundance values from shotgun analyses using different quantification strategies were brought to the same scale, summed and ranked (see Table S2 , Supporting Information). Gray numbers next to the boxes are referenced in the text as reaction # and indicate lines of Table S2 (Supporting Information), where the enzyme catalyzing this reaction is listed and detailed information can be found. 'i', identified, but not quantifiable proteins; 't', only transcript was detected (transcript data only available for strain 195); empty boxes, neither protein nor mRNA was detected; "/', no ortholog is encoded in the genome; double-walled boxes, tandem-duplication; red crossed arrows, missing reaction; question marks, hypothetical protein function; FH4, tetrahydrofolate; Fd, Ferredoxin. Modified from Seshadri et al. (2005) , Tang et al. (2009) and Zhuang et al. (2014). cluster 5). Another carbon-assimilating step is the carboxylation of pyruvate to oxaloacetate, most probably catalyzed by the gene products of cbdbA139/141, the two subunits of a putative pyruvate carboxylase (#398/399) (Tang et al. 2009; Islam, Edwards and Mahadevan 2010) . This reaction is essential for the synthesis of the aspartate amino acid family. Pyruvate is channeled into gluconeogenesis via conversion to phosphoenolpyruvate by a pyruvate-water dikinase (#407) (Marco-Urrea et al. 2011) . Products and intermediates of the unidirectional gluconeogenesis (#418-429) are used as precursors to produce nucleotides, amino acids and lipids. Unusual for bacteria, D. mccartyi harbors a unidirectional fructose-1,6-bisphosphate aldolase/phosphatase, an old type of enzyme using dihydroxyacetone phosphate and glyceraldehyde-3-phosphate to form fructose-6-phosphate (#418) (Say and Fuchs 2010). Five out of 17 enzymes proposed to play a role in gluconeogenesis (Seshadri et al. 2005) were among the top 50% of all proteins. All proteins were detected in at least one study ( Fig. 3; Table S2 , Supporting Information).
Proteins potentially involved in the anabolic one-carbon metabolism
For biosynthesis of several amino acids and nucleobases, the donation of one-carbon units is required. Several enzymes of the Wood-Ljungdahl pathway mediating the formation of methyltetrahydrofolate from CO 2 are missing in D. mccartyi, including the CO dehydrogenase (AcsA), formate dehydrogenase, methylenetetrahydrofolate reductase and methyl transferase (Seshadri et al. 2005; Zhuang et al. 2014) . Since methyltetrahydrofolate is the precursor of the methyl group for methionine synthesis, it is feasible that its synthesis is accomplished by the acetyl-CoA synthase (ACS, #379, encoded by acsB) and the corrinoid [FeS] protein (CoFeSP), encoded by AcsCD (#378/380 in Fig. 3 ). The cleavage of the acetyl moiety of acetyl-CoA generates methylated CoFeSP and CO, which proved to be inhibitory for the organism (Zhuang et al. 2014; Mao et al. 2015) , although methyl viologen-dependent oxidation of carbon monoxide indicated CO dehydrogenase activity in D. mccartyi 195 (Nijenhuis and Zinder 2005) . However, the enzyme involved in CO oxidation remains unknown. In all three strains, for which proteomic data are available, AcsB (#379), AcsC (#378) and the Wood-Ljungdahl pathway-related proteins serine hydroxymethyltransferase (GlyA, #377) and bifunctional methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate cyclohydrolase (FolD, #381) belong to the most abundant proteins ( Fig. 3 ; Table S2 , Supporting Information). All this suggests that these enzymes play a central role in the anabolic one-carbon metabolism of D. mccartyi.
Corrinoid metabolism is more complex than expected and affected by different cobamides
Cobamides are complete corrinoids, i.e. corrin rings with an upper ligand at the cobalt atom and a nucleotide loop harboring the lower ligand base, which is 5,6-dimethylbenzimidazole (DMB) in the case of cobalamins. A cobalamin with CN as the upper ligand is cyanocobalamin (vitamin B 12 ), which is usually supplemented in D. mccartyi-growth medium. Cobinamide is an incomplete cobamide, which lacks the lower ligand base. Cobamides are cofactors of RDases, but D. mccartyi is not able to synthesize them de novo, since the proteins involved in the biosynthesis of the corrin ring, the lower ligand and for cobalt insertion are not encoded in its genomes (Moore and Escalante-Semerena 2016) . Exceptions are the ANAS metagenome, where two sequenced contigs assigned to a D. mccartyi strain contain cobamide biosynthesis genes (Brisson et al. 2012) , and the contiguated genome sequence of D. mccartyi MB (Low et al. 2015) . Apart from RDases, two proteins of D. mccartyi are dependent on cobamides as cofactors, the ribonucleotide reductase (Nrd) and the CoFeSP (AcsCD) as part of methyl transferase systems.
Cobamides and cobinamide are predicted to be taken up by D. mccartyi from the environment by the ABC transporter BtuFCD (Fig. 4) . Salvage and activation of cobamides or cobinamides are initiated by an adenosyltransferase (CobA). Further salvage occurs via a guanylyltransferase (CobU) and a cobinamide-phosphate synthase (CobD, re-annotated as CbiB), as well as a cobalamin-5-phosphate synthase (CobS), a phosphatase (CobC) and a phosphoribosyltransferase (CobT, Fig. 4 Colored boxes indicate protein abundance rank (green, among top 1%; yellow, among top 50% abundant proteins; red, among 100% abundant proteins). Abundance values from shotgun analyses using different quantification strategies were brought to the same scale, summed and ranked (see Table S2 , Supporting Information). Gray numbers next to the boxes indicate lines of Table S2 (Supporting Information) , where the enzyme catalyzing this reaction is listed and detailed information can be found. 'i', identified, but not quantifiable proteins; 't', transcript, but no protein was detected (transcript data only available for strain 195); empty boxes, neither protein nor mRNA was detected; "/', no ortholog is encoded in the genome; double-walled boxes, tandem-duplication; question mark, hypothetical protein function; Cbi, cobinamides; Cba, cobamides; Cby, cobyric acid; DMB, dimethylbenzimidazol; Ado, adenosyl. Modified from Yi et al. (2012) . , possibly mediated by a riboswitch encoded upstream of cobTSCU (Johnson et al. 2009) . CobT is among the 20% highest abundant proteins in all three strains, CobS, CobC and CobU are usually below the median of all proteins (Fig. 4, Table S2 , Supporting Information). The nucleotide loop of cobamide can be remodeled by D. mccartyi, which has been proven by growth experiments with different cobamides and different lower ligand precursors in the medium . For the remodeling, the nucleotide loop of the externally provided cobamide is cleaved off by an amidohydrolase (CbiZ), encoded as several copies in most D. mccartyi strains. The gene cbiZ (rdhF) is usually colocated with rdh-associated genes suggesting specific cobamide remodeling for some RdhAs (Table S2 , Supporting Information). In strain 195, the cbiZ genes DET0242 and DET0249 together with the adjacent rdhA DET0235 (corresponding to cbdbA249, cbdbA258, cbdbA243; Fig. S1 , Supporting Information) were only transcribed during cocultivation with Pelosinus fermentans R7, which is producing phenolic corrinoids (Men et al. 2014) . In all other studies, DET1556 was the only cbiZ constitutively transcribed and whose orthologs are adjacent to the rdhA genes cbdbA88, dcmb 1041 and DET1559. On protein level a constitutive expression of one cbiZ gene adjacent to btuFCD (cbdbA637, Fig. S1 , Supporting Information) could be observed in all strains. This might be owed to the non-limiting vitamin B 12 concentrations applied in the proteomic studies to date (Table S2 , Supporting Information). Different RDases of D. mccartyi strains seem to have distinct preferences for different cobamides, which results in different dechlorination rates (Yi et al. 2012; Yan et al. 2013 Yan et al. , 2016 .
D. vulgaris Hildenborough
Especially for D. mccartyi, which cannot easily be studied biochemically due to the low growth yields, the combination of genomics, transcriptomics and proteomics supported research on OHR a lot. This includes the elucidation of a high molecular weight organohalide respiratory complex, the unusual carbon metabolism and the unexpected corrinoid salvage system.
OHR IN FIRMICUTES-DESULFITOBACTERIUM SPP. AND DEHALOBACTER RESTRICTUS
Firmicutes is the only phylum comprising both versatile (Desulfitobacterium spp.) and obligate OHRB (Dehalobacter spp.). In these two genera, a wealth of genomic information became available recently and also several proteome studies were conducted (Tables 2 and 4) . Additionally, a comparative genomic study on Desulfitobacterium spp. is available now (Kruse et al. 2017b) ; therefore, we will only give a brief overview on the genomics of this Firmicutes genus. Since the 16S rRNA gene sequence identity (>99%) and the average whole genome nucleotide sequence identity (ANI > 95%; Goris et al. 2007) indicate that all Dehalobacter spp. with sequenced genomes can be classified into one species, we will refer to Deh. restrictus exclusively.
The comparison of Desulfitobacterium spp. to Dehalobacter restrictus bears ideal possibilities for comparison of obligate and versatile OHRB
The genomes of Desulfitobacterium spp. are in general larger (4-6 Mbp) than those of Deh. restrictus (about 3 Mbp), which reflects the physiological versatility of the former and the restricted catabolism of the latter. Since Firmicutes is the only phylum containing both versatile and obligate OHRB, a comparison of the two genera might provide valuable information about the two different OHR lifestyles. It is remarkable that the genomes of Deh. restrictus strains are approximately twice as large as those from D. mccartyi, given the similarly restricted metabolism of both. Partially, this size difference can be explained by genes encoding proteins for flagella biosynthesis, peptidoglycan biosynthesis, sporulation or chemotactic proteins . Utilization of formate as electron donor is described for Deh. restrictus CF and DCA (Wang et al. 2017) and Dehalobacter sp. TCA1, a species without a sequenced genome and distinct from Deh. restrictus as determined by 16S rRNA gene comparison (Sun et al. 2002) . Besides these strains, Deh. restrictus is restricted to hydrogen as electron donor and organohalides as electron acceptor. Consequently and similar to D. mccartyi, the proteomic studies of Deh. restrictus strains focused mainly on central metabolism and OHR in different growth phases or during corrinoid starvation (Table 4) . Interestingly, the proteome coverage of D. mccartyi is often found to be higher than 50% (see above), whereas the highest proteome coverage reported for Deh. restrictus was about 35% (Rupakula et al. 2013 (Rupakula et al. , 2014 . This discrep-ancy could be most likely explained by a high number of unexpressed genes under the tested growth conditions and higher metabolic flexibility of Deh. restrictus than previously thought. Opposed to D. mccartyi, no global transcriptome studies focusing on Deh. restrictus are currently available.
Most Desulfitobacterium spp. carry at least one rdhA gene (Table 1) . Apart from the large chlorophenol RDase gene cluster, which encodes four or five functional RdhA proteins involved in the dehalogenation of halogenated phenols and 3-chloro-4-hydroxyphenyl acetate (Cl-OHPA) (Kim et al. 2012; Mac Nelly et al. 2014; Kruse et al. 2017b) , the rdhA genes are scattered around the genome. The pceA gene cluster, which is present in several De. hafniense strains, is located on an active transposon (Maillard, Regeard and Holliger 2005; Duret, Holliger and Maillard 2012; Goris et al. 2015a) . The Deh. restrictus genomes carry a higher number of rdhA genes than Desulfitobacterium spp. ranging from 10 to 25. In contrast to genomes of Desulfitobacterium and more similar to the D. mccartyi genomes, rdhA genes in Deh. restrictus are mainly located in two defined genomic regions. These regions are smaller than in D. mccartyi (<100 kbp) and do not contain major signs of genomic rearrangement Jugder et al. 2016; Tang et al. 2016; Alfan-Guzman et al. 2017b ).
Most accessory proteins in Firmicutes OHR could not be assigned a general role yet
In both Firmicutes genera, rdhAB genes (sometimes found in the order rdhBA) are often colocated with the accessory genes rdhCT and a regulator gene rdhK (Kruse et al. 2016) . A few other putative accessory genes were found only in one or two rdh clusters mainly of Desulfitobacterium spp. (regulator genes rdhSP, formerly rdhCD, putative Qdh genes rdhMN, methyl-accepting chemotaxis gene rdhO, Kruse et al. 2017b) . Some were additionally found in Deh. restrictus (chaperone genes rdhE, formerly rdhD, and rdhZ). The putative roles of the respective gene products were reviewed recently (Kruse et al. 2016) . RdhT is a chaperone most likely assisting in correct folding of RdhA. It was shown to bind to the N-terminal Tat (twin arginine translocation) signal sequence of RdhA (Maillard, Genevaux and Holliger 2011) . In proteome studies with De. hafniense Y51 (Prat et al. 2011) or Deh. restrictus PER-K23 (Rupakula et al. 2013) actively growing with PCE, PceT, which is encoded in the pceABCT gene cluster, was detected. Additionally, heterologous expression of an RdhA from De. hafniense DCB-2 was more efficient when the corresponding rdhT was expressed along with RdhA, suggesting that it also aids maturation in a foreign host cell (Mac Nelly et al. 2014) . However, RdhT is generally encoded only in few Deh. restrictus rdh gene clusters. While for example the trichloromethane RDase (TmrA, encoded by UNSWDHB RS00295) of Deh. restrictus UNSWDHB was highly abundant, its cluster does not encode any RdhT chaperone and no RdhT protein encoded elsewhere in the genome was detected in the proteome of trichloromethane-cultivated cells (Jugder et al. 2016) . Either RdhT is not essential for OHR (or specifically TCM respiration) of Firmicutes or an unspecific RdhT encoded outside the tmr cluster escaped the proteomic analysis due to low abundance.
Regulation of OHR in Firmicutes is dependent on the transcriptional activator RdhK or a different kind of regulator
The regulator protein RdhK is likely to act in general as a transcriptional inducer for Firmicutes OHR, as it was shown for CprK of De. hafniense DCB-2 (Smidt et al. 2000; Pop, Kolarik and Ragsdale 2004; Joyce et al. 2006; Mazon et al. 2007; Levy et al. 2008) . The significant organohalide-dependent upregulation of rdhA gene expression in clusters containing rdhK was reported for several Desulfitobacterium spp. including a proteomic study on De. dehalogenans (Kruse et al. 2015) , a transcriptomic study for another RdhA of De. hafniense DCB-2 (Kim et al. 2012 ) and qPCR studies with further RdhAs of strain DCB-2 (Bisaillon et al. 2010 (Bisaillon et al. , 2011 Mac Nelly et al. 2014) . In Deh. restrictus, however, rdhA gene clusters that do not encode any RdhK ortholog were still upregulated at the proteomic level after electron acceptor was supplied, as shown for TmrA in Deh. restrictus UNSWDHB (Jugder et al. 2016 ) and the tetrachlorobenzene RDase (TcbA) in Deh. restrictus TecB1 (Alfan-Guzman et al. 2017b) . Other transcriptional regulators (e.g. a Crp family regulator gene five genes downstream of the tmrABC cluster) are encoded close to these two rdhA genes, which cannot be assigned unambiguously to a regulatory unit. Additionally, the membrane-integral, putative flavoprotein RdhC is often encoded adjacently to rdhAB and was discussed to function as a regulatory protein (Smidt et al. 2000) mainly due to its similarities to NosR, a putative regulator in nitrous oxide respiration (Cuypers, Viebrock-Sambale and Zumft 1992) . However, the similarity of RdhC and NosR is very low (below 30% amino acid sequence identity) and NosR itself was proposed to have a second role as redox protein involved in electron transfer (Wunsch and Zumft 2005) . Arguing against the role of RdhC as a regulator is the absence of a PCE-dependent regulation in the pceABCT operons in both Deh. restrictus PER-K23 (Rupakula et al. 2013) and De. hafniense TCE (Prat et al. 2011 ) and Y51 (Peng et al. 2012) , where PceC is encoded and transcribed. These clusters neither encode an RdhK regulator. Instead, during a longterm absence of PCE, the transposase-flanked pceABCT cluster is excised from the genome in the majority of the bacterial population (Duret, Holliger and Maillard 2012) .
Flavoproteins might be involved in the OHR chain of some Firmicutes
Several putative redox-active proteins encoded elsewhere on the genome of De. dehalogenans were also detected in a higher amount during growth with Cl-OHPA compared to fumarate and suggested to play a role in the OHR electron transfer chain (Kruse et al. 2015) . For example, a periplasmic flavoprotein (encoded by Desde 3368) was found to be 22-fold higher abundant in cells cultivated with Cl-OHPA. However, a general role of this protein in OHR in Firmicutes is unlikely, since a corresponding ortholog was not upregulated in the two other gene expression studies on PCE versus fumarate respiration in De. hafniense (Prat et al. 2011; Peng et al. 2012 ) and an orthologous flavoprotein is neither encoded in the genome of D. dichloroeliminans nor in any of the Deh. restrictus strains. Several genes encoding a set of flavin-containing redox proteins similar to FixABCX (encoded by DSY1629 to DSY1626) were upregulated in De. hafniense Y51 with chlorinated ethenes as electron acceptor (Prat et al. 2011; Peng et al. 2012) , but not in De. dehalogenans (Kruse et al. 2015) . Since none of the three mentioned proteins are encoded in the genome of any Deh. restrictus strain and the upregulation across the three cited studies is inconsistent, it is not likely that one of them plays a general role in electron transfer in the organohalide-respiratory chain of Firmicutes. However, the Cl-OHPA respiratory chain in De. dehalogenans might depend on the uncharacterized flavoprotein (Kruse et al. 2015) .
Uptake of hydrogen and electron transfer to the quinone pool in Firmicutes OHR is mediated by a membrane-bound hydrogenase Similar to D. mccartyi, a periplasmically oriented hydrogenase (HyaABC or, synonymic, HydABC, encoded by Dehre 0551-0553) belonging to group 1a is supposed to be the main hydrogenoxidizing enzyme in Deh. restrictus. It was the only H 2 -oxidizing hydrogenase detected in all strains and showed a higher abundance in cells harvested in the exponential growth phase versus cells from stationary phase (Rupakula et al. 2013; Jugder et al. 2016; Alfan-Guzman et al. 2017b) . In Desulfitobacterium spp., a HyaABC ortholog highly similar to that of Deh. restrictus is encoded and therefore most likely also recruited for hydrogen oxidation in Desulfitobacterium spp. The latter speculation is supported by the finding that it was the only periplasmic hydrogenase found in the proteomes of De. hafniense TCE1 (Prat et al. 2011) and De. dehalogenans (Kruse et al. 2015) although only investigated with pyruvate as electron donor. Unlike the D. mccartyi HupSL, HyaABC seems to be a more 'conventional' type hydrogenase, as the corresponding gene cluster contains a membraneintegral cytochrome b (Fig. S3C , Supporting Information), typically shuttling electrons into the quinone pool. Two or three further periplasmically oriented, membrane-bound hydrogenase clusters are found in the genomes of both Deh. restrictus and Desulfitobacterium, although the corresponding proteins were not detected (Prat et al. 2011; Rupakula et al. 2013; Kruse et al. 2015) . Additionally, two cytoplasmic membrane-bound group 4 hydrogenases (Ech and Hyc) and three soluble, cytoplasmic [FeFe] hydrogenases are encoded in Firmicutes OHRB. All [NiFe] hydrogenases and two of the three [FeFe] hydrogenases were detected as proteins in Deh. restrictus PER-K23 (Rupakula et al. 2013) and UNSWDHB (Jugder et al. 2016) , but not in Desulfitobacterium spp. (Prat et al. 2011; Kruse et al. 2015) . Like in D. mccartyi, the role of the cytoplasmic hydrogenases is not clear and is subject to speculations, including a role in generating reducing equivalents for anabolic purposes or interplay with proteins from the Wood-Ljungdahl pathway (Rupakula et al. 2013; Jugder et al. 2016) . Interestingly, like D. mccartyi the organohalide-respiring Desulfitobacterium spp. except D. dichloroeliminans lack the genes for the [FeFe] hydrogenase-specific maturation proteins HydEFG, which are encoded in Deh. restrictus.
Opposed to D. mccartyi, which lacks menaquinone, both Firmicutes use menaquinone as central electron shuttle involved in OHR (Schumacher and Holliger 1996; Kruse et al. 2015) . The role of complex I is unclear, which, similar to that of D. mccartyi, lacks the NAD(H) redox module NuoEFG. Orthologs of these proteins are encoded elsewhere in the genome, e.g. in a [FeFe] hydrogenase cluster and a formate dehydrogenase cluster. Most of the subunits encoded in the complex I gene cluster and two encoded in the [FeFe] hydrogenase gene cluster were detected in the Firmicutes OHRB proteome studies, although they were not clearly upregulated during respiration (Jugder et al. 2016) . The finding of a pyrophosphate-dependent proton pump in Deh. restrictus UNSWHDB (encoded by UNSWDHB RS07215) upregulated during respiration was interesting. This enzyme was discussed to play a role in energy conservation by pumping protons while hydrolyzing pyrophosphate (Jugder et al. 2016) .
Despite containing genes for a corrinoid biosynthetic pathway, not all Firmicutes OHRB synthesize corrinoids de novo
All Desulfitobacterium spp. (Kruse et al. 2017b) and Deh. restrictus strains encode proteins of the corrinoid biosynthesis pathways Tang et al. 2016; Wang et al. 2017) ; however, not all Deh. restrictus strains are capable of de novo corrinoid biosynthesis (Holliger et al. 1998; Rupakula et al. 2014) . Recently, the hitherto unknown purinyl-cobamide was reported to be the functional corrinoid in PceA of De. hafniense . The corrinoid biosynthesis gene clusters are organized in two main clusters (Fig. S1 , Supporting Information) (Choudhary et al. 2013; Rupakula et al. 2014; Kruse et al. 2017b; Wang et al. 2017) . The inability to synthesize corrinoids de novo in Deh. restrictus PER-K23 is due to a truncation of the crucial cbiH gene, encoding cobalt-precorrin-3B C17-methyltransferase (Rupakula et al. 2014) . In Deh. restrictus E1, several genes of the corrinoid synthesis pathway are deleted in addition to cbiH (Maphosa et al. 2012) . In contrast, Deh. restrictus UNSWDHB , CF and DCA Wang et al. 2017 ) encode all proteins necessary for de novo corrinoid biosynthesis and are not dependent on corrinoids in the growth medium. Interestingly, an additional corrinoid synthesis-related gene cluster encoding corrinoid transporters and some salvaging enzymes was identified in the genome of the corrinoid-auxotroph Deh. restrictus PER-K23 (Fig. S1 , Supporting Information). This cluster was found to be upregulated under corrinoid limitation and apparently enables the organism to thrive under conditions of low concentrations of externally provided corrinoids (Rupakula et al. 2014) . It was also found in the recently characterized Deh. restrictus TecB1, which encodes all corrinoid biosynthesis proteins in their functional form (Alfan-Guzman et al. 2017b) . Several of the corrinoid biosynthesis gene clusters as well as those encoding cobalt and corrinoid transporters contain a riboswitch in their untranslated regions, which are responsible for corrinoid-dependent regulation, possibly on the translational level. The riboswitch architecture of De. hafniense (Choudhary et al. 2013) and Deh. restrictus PER-K23 (Rupakula et al. 2014 ) was studied in detail.
A complete Wood-Ljungdahl pathway and an incomplete TCA cycle might serve anabolic functions exclusively
In contrast to D. mccartyi, the Firmicutes OHRB encode the proteins for a complete Wood-Ljungdahl pathway. However, for Dehalobacter autotrophic CO 2 fixation was never reported. The only reported autotrophic growth of a Desulfitobacterium spp. was barely detectable (Kim et al. 2012) . Still, CO 2 was observed to be reduced in De. dehalogenans when no electron acceptor and pyruvate as electron donor was present (van de Pas et al. 2001) . Proteins of the Wood-Ljungdahl pathway were shown to be involved in O-demethylation mediated by De. hafniense (Kreher, Schilhabel and Diekert 2008) ; however, all proteins of the Wood-Ljungdahl pathway were detected in a proteomic study of De. dehalogenans (Kruse et al. 2015) and Deh. restrictus PER-K23 (Rupakula et al. 2014) without O-methylated compounds in the growth medium. Therefore, the Wood-Ljungdahl pathway must have additional importance and could be either functional in CO 2 reduction under certain conditions or similar to D. mccartyi in the anabolic generation of building blocks for amino acid synthesis.
Both Desulfitobacterium and Deh. restrictus encode an incomplete TCA cycle lacking different enzymes. While both 2-oxoglutarate dehydrogenase and 2-oxoglutarate:ferredoxin oxidoreductase (OFOR) are missing in Desulfitobacterium spp., the OFOR is present in Deh. restrictus. Instead, malate dehydrogenase and succinate dehydrogenase are not encoded in the genomes of Deh. restrictus. However, the malic enzyme was shown to compensate this by forming malate or fumarate from pyruvate (Wang et al. 2017) . Pyruvate for anabolic purposes is synthesized in both Firmicutes most likely from acetate via acetyl-CoA by transacetylase, acetate kinase and PFOR. Further anabolic routes are similar to most bacteria and include the pentose phosphate pathway and gluconeogenesis. All in all, Desulfitobacterium spp. encode more proteins involved in biosynthesis of amino acids or nucleic acid precursors and vitamins than Deh. restrictus (Kim et al. 2012) . Deh restrictus PER-K23 was characterized to be dependent on arginine, histidine, threonine and thiamine in the growth medium (Holliger et al. 1998) , even though the corresponding biosynthesis proteins are encoded in all Deh. restrictus genomes Tang et al. 2016; Wang et al. 2017) . However, none of the characterized Deh. restrictus strains encode the 'typical' enzymes for the thiamine or biotin biosynthesis pathways , although thiamine is not mandatory for growth of Deh. restrictus CF (Wang et al. 2017) . Biotin can possibly be synthesized by Deh. restrictus involving a promiscuous serine hydroxymethyltransferase (encoded by AFV06891 in strain CF, Wang et al. 2017) .
In summary, the Firmicutes OHRB seem to possess more metabolic potential than they show in the currently available growth studies. Based on their genetic equipment, both Deh. restrictus and Desulfitobacterium spp. should be able to use more growth substrates than is reported. The high number of rdhA genes points toward a broad spectrum of organohalides used as electron acceptor in OHR by Deh. restrictus strains, which is in contrast to studies reporting them to grow only with one or two organohalides (Maillard and Holliger 2016; Wong et al. 2016; Alfan-Guzman et al. 2017b) . The OHR chain of Firmicutes involves quinones and most likely an additional component which is not unambiguously identified.
CONCLUSION AND FUTURE PERSPECTIVES
Omics studies of OHRB provided a larger picture about the physiological similarities but also the differences between obligate and versatile OHRB. Each phylum (Firmicutes, Chloroflexi and Proteobacteria) has developed a specific OHR chain architecture, with D. mccartyi having the most unusual one, a respiratory chain without quinones but with a high molecular weight protein complex including an unusual putative CISM, a Huphydrogenase and an RDase. Using genomics, transcriptomics and proteomics, some of the black boxes in the physiology of OHRB were uncovered in recent years. Despite the use of highresolution MS, a major drawback of proteomics is that parts of the proteome still cannot be detected (Rowe et al. 2012; Depke et al. 2015) . Transcriptomics can partially fill this gap, proven by rdhB transcript detection of D. mccartyi. Important for both proteomics and transcriptomics is the quality of the genome annotations underlying the analysis, which can contain wrong annotations due to outdated information, imprecise judgments or sequencing errors.
In the future, different approaches will help to overcome the difficulties linked to the low biomass obtained from the cultures of many OHRB like D. mccartyi. Upcoming techniques such as data-independent acquisition and the use of spectral libraries will further increase the quantitative depth of proteome analysis and will therefore provide a better insight into the regulation and functional physiology of OHRB under different nutritional conditions. Complexome analysis as reported for slowly growing organisms like annamox bacteria (de Almeida et al. 2016) , analysis of active protein complexes (Kublik et al. 2015; Hartwig et al. 2017 ) also for other OHRB than D. mccartyi and the utilization of thermal proteome profiling (Savitski et al. 2014 ) will enable the elucidation of protein-protein and protein-substrate interactions. Future studies should integrate comprehensive omics data, including metabolomics data and post-translational modifications, to explore unknown pathways using more sophisticated bioinformatics tools. Finally, genetic modification of OHRB, especially specific gene knockouts, should be approached intensely to gain more specific information on the genes and proteins involved in OHR, e.g. the many different RdhA proteins in Deh. restrictus, D. mccartyi and Dehalogenimonas spp. This review reveals that current global gene expression analyses are just an intermediate step to uncover the larger picture of OHR, since many questions remain unanswered. Especially the physiology and interactions of OHRB in their natural environments are completely untouched and should gain more attention in the future.
